We have investigated optical orientation in the vicinity of the direct gap of bulk germanium. The electron spin polarization is studied via polarization-resolved photoluminescence excitation spectroscopy unfolding the interplay between doping and ultrafast electron transfer from the center of the Brillouin zone towards its edge. As a result, the direct-gap photoluminescence circular polarisation can vary from 30% to -60% when the excitation laser energy increases. This study provides also simultaneous access to the resonant electronic Raman scattering due to inter-valence band excitations of spin-polarized holes, yielding a fast and versatile spectroscopic approach for the determination of the energy spectrum of holes in semiconducting materials.
The dynamics of nonequilibrium spin polarized carriers has been extensively investigated in semiconductors with strong light-matter interaction [1, 2] . Prompt access to the spin-related phenomena in materials having a direct energy gap such as III-V and II-VI zinc-blend compounds has been initially achieved by means of optical orientation that is the transfer of angular momentum from the absorbed light to the photogenerated carriers [1, [3] [4] [5] [6] .
In indirect gap semiconductors, on the contrary, the strong electron-phonon interaction and the relatively long carrier lifetime hindered optical investigations and puzzled the physical picture of the preferential alignment and relaxation of the spin angular momentum [1, 7, 8] . This has effectively slowed down the progress in the understanding of the spin physics in group IV elements, which are pivotal for the ultimate monolithic implementation of spin quantum-bits in the solid state as they offer record-long spin lifetimes [9] [10] [11] [12] [13] and can benefit from the vast infrastructures of the mainstream Si-based electronics [8, 14, 15] .
Recently it has been pointed out that nonequilibrium spin populations can be optically induced in germanium since the conduction band (CB) minimum at the center (Γ) of the Brillouin zone lies only 140 meV higher in energy than the fundamental edge at the L point [16] [17] [18] . Owning to the multivalley nature of the CB of Ge, however, electrons photogenerated at Γ experience a phononinduced scattering towards the side valleys, corresponding to an effective relaxation process which leads to unexplored and intriguing consequences on the spin-related phenomena [19] [20] [21] . The detailed understanding of the dynamics of spin polarized carriers and its entanglement with the energy relaxation mechanisms is indeed crucial and it can eventually unfold the potential of Ge within the spintronics arena [22] . Notably very little is known * fabio.pezzoli@unimib.it about spin flip scattering by dopants [23] and the role played by impurities in determining the emission of circularly polarized light from the optically coupled CB and valence band (VB) states [24] .
In this communication we address the optical orientation process via polarization-resolved photoluminescence excitation (PLE) spectroscopy, providing insights into the electron spin dynamics in the multivalley CB of bulk Ge. At the direct gap absorption, an electron spin polarization as large as 50% is measured, i.e. the maximum value in bulk materials. By injecting spin polarized electrons with a well-controlled excess energy at the zone center, we can infer how ultrafast electron-phonon scattering and doping-induced Coulomb interactions affect the spontaneous recombination mechanisms of electrons and holes across the direct edge (E 0 gap). We emphasize that previous photoluminescence (PL) measurements in bulk germanium were performed using a fixed laser excitation energy [21, 24] . The use of a tunable circularly polarized excitation allows furthermore the observation of resonant Electronic Raman Scattering (ERS), i.e. the inelastic light scattering by electronic excitations [25] . We provide the first report of scattering involving the split-off (SO) hole subband, and unambiguously demonstrate that inter-valence-band excitations are responsible for the radiative recombination of spin polarized carriers which do not experience relaxation in intermediate states. Finally, inspired by previous studies [26] [27] [28] we show that the measurement of the energy dependence of ERS in the vicinity of the E 0 gap yields an accurate spectroscopic tool for a complete mapping of the VB dispersion in semiconducting materials.
In order to unfold how optical spin orientation is affected either by the doping content or by the donor/acceptor nature of the guest element, we studied the following bulk Ge (001) The doping levels have been obtained by means of room temperature resistivity measurements. An optical parametric oscillator pumped by a modelocked Ti:Sa laser was used as a tunable excitation source between about 1000 and 1400 nm. The laser worked at a repetition rate of 80 MHz with a pulse and a spectral width of about 1.4 ps and 1 meV, respectively. The laser spot size on the sample surface had a diameter of ≈100 µm, and the average excitation power has been kept constant at about 60 mW during all the experiments with the different samples. PL measurements were carried out at 6 K using a closed-cycle cryostat and a spectrometer equipped with a liquid-nitrogen-cooled InGaAs array detector, ensuring a spectral pitch < 0.4 meV. The back scattered laser light was suppressed by long pass filters (LP). The luminescence polarization was probed by a quarter-wave plate followed by a polarizer placed in front of the spectrometer and for each photon energy of the exciting light, the intensity of the right-(σ + ) and left-handed (σ − ) circularly polarized PL was time integrated and provided the PL polarization
. Here I + and I − are the PL intensity components co-and counter-circularly polarized with respect to the laser. It is worth noting that a positive (negative) P c value corresponds to a PL that is copolarized (counterpolarized) with respect to the excitation. Figure 1 depicts the color coded map of the low temperature PLE of p + Ge. The main and well-defined PL peak at 0.879 eV is the spontaneous radiative recombination across the direct gap E 0 . This emission becomes weaker by increasing the excitation energy despite the larger joint density of states involved in the absorption process. Such finding can be interpreted as a result of the increased amount of electrons, which are photogenerated with a high excess energy in the CB and are more likely to be scattered out of the zone center [29] . As it will be shown in the following, this has drastic consequences on the resulting spin population of Γ valley electrons and holes and finally on the circular polarization degree of the E 0 PL. A closer look in Fig. 1 to the excitation range corresponding to the high-energy regime shows on the high energy side of the E 0 peak two additional bands, ERS HH-LH and ERS HH-SO. In contrast to E 0 , these side bands shift to low energy by decreasing the incident photon energy. The ERS HH-SO eventually merges into the E 0 line and it contributes to the apparent broadening and change in lineshape of the direct gap emission. Noticeably, the spectrum reported in the lower panel of Fig. 1 for p − Ge, which possess a sharper E 0 line, suggests unexpectedly that a cross-over between E 0 and ERS HH-SO can take place with the latter transition occurring at energies smaller than the direct gap. Finally, Fig. 1 highlights that the ERS bands cannot be distinguished in the n-type material. All the aforementioned findings let us expect that ERS can be ascribed to light scattering phenomena due to electronic excitations occurring in the VB rather than to exciton-like band-to-band or band-to- (green curve). The PL spectra were collected at 6K and for a cross-polarized emission with respect to the excitation at 1.158 eV. The spectra have been vertically shifted for clarity.
impurity recombination.
The investigation of the state of polarization of the emitted light under circularly polarized excitation contributes to clarify the dynamics of spin polarized carriers along with the origin of the observed spectral lines.
We shall now concentrate on the direct gap transition. In the energy range spanned in Fig. 2(a) by the laser excitation, the E 0 PL turns out to be circularly polarized for all the studied samples. Fig. 2(b) further quantifies the values of P C evaluated at the maximum of the E 0 peak as a function of the exciting photon energy. P C reaches 0.22 in p + Ge at the threshold of direct gap absorption (≈ 0.9 eV). This is in good agreement with the 0.22 ≤ P C ≤ 0.25 expected in this energy range by k · p calculations of the electron spin polarization [22] , and it is consistent with the fact that in bulk material the electron spin lifetime is typically longer than the hole spin relaxation time [5, 21] . We notice, however, that in the excitation energy range below 1.05 eV for p − Ge and n − Ge, P C is systematically larger than in p + Ge, being as high as 0.3.
Furthermore by increasing the excitation energy the polarization degree of the E 0 band decreases in all the studied samples. In contrast to the theory which predicts in our energy window a positive electron spin polarization as low as 10% [22] , we found experimentally that P C changes sign between 1.1 and 1.2 eV becoming negative, that is cross-polarized with respect to the laser. The data of p-type wafers reported in Fig. 2(b) demonstrate that such helicity cross-over shifts to higher energies by increasing the doping content, while for samples with the same doping content, i.e. n − Ge and p − Ge, it occurs at the same energy. In addition, the very similar degree of PL polarization observed in n − Ge and p − Ge over the whole excitation range discloses that the spin populations are remarkably unaffected by the donor or acceptor nature of the impurities. It should be noted that in these two samples the time-integrated circular polarization P C reaches -60% at about 1.2 eV. This represents the largest value reported to date for band-to-band recombination in bulk zinc-blend semiconductors without relying on deformation potential or quantum confinement effects.
Such findings can be rationalized within the framework of the following physical picture [24] . For a given energy and helicity of the absorbed photons, electrons will be promoted to the CB from the top of the VB or from the SO band with opposite spin orientations and with different excess energy with respect to the bottom of the Γ valley. Below 1.1 eV only electrons from optically coupled Heavy (HH) and Light (LH) Hole subbands contribute to the radiative recombination, yielding, in light of the dipole allowed selection rules [1, 5] , a E 0 PL that is copolarized with the excitation. As the incident photon energy is increased above 1.1 eV, vertical transitions will promote electrons at the CB edge starting from pristine SO levels that lie 290 meV below the top of the VB (see inset of Fig. 3) . These electrons can then recombine radiatively giving rise to a counterpolarized PL component. At the same time, electrons originating from the top of the VB are excited into higher states in the CB and thus follow the more effective energy relaxation channel offered by the phonon-assisted intervalley scattering, which drives them out of the zone center and reduces the radiative recombination events that result in the copolarized E 0 PL [24] . The dynamics of spin-polarized carriers discussed above is indeed responsible, along with the change of the E 0 intensity reported in Fig. 1 , also for the continuous decrease of P C with the exciting photon energy. In particular, the helicity inversion shown in Fig. 2 is the fingerprint of the switched dominance within the spin ensemble at Γ of the subset of electrons optically coupled to the SO (negative P C ) over the electrons coupled to the HH (positive P C ) subband.
Impurities can activate additional mechanisms enriching the spin-related phenomena that are experimentally accessible. Indeed during the thermalization process, the Coulomb interactions of hot CB electrons with background carriers introduced by doping are known to enhance the probability of backward scattering from the satellite X valleys towards the Γ valley [24, 30] . Such mechanism might play an important role since a larger impurity content can increase the weight of the copolarized contribution to the E 0 transitions. Consistently, our data demonstrate that for the heavily doped p + Ge (i) the positive copolarized regime is stretched over a larger energy range than for the less-doped counterpart, i.e. p − Ge, eventually leading to an helicity cross-over that takes place at higher energies and (ii) in the negative counterpolarized regime the absolute values of P C are smaller than in p − Ge. Since the cooling time for electrons in the satellite X valleys takes place on a ps time scale [30, 31] , whereas the spin relaxation time of holes is expected to be in the sub-ps time range [32] , electrons that experience backward scattering to the zone center are likely to recombine radiatively with unpolarized holes. Although this scenario applies well to p + Ge, for the less doped p − Ge and n − Ge, the fraction of electrons that underwent Γ-X-Γ scattering is greatly reduced because of the less efficient role of impurities. Under this condition, as the excitation energy approaches the direct gap threshold, the average electron lifetime at Γ is shortened and if comparable to the hole spin lifetime it can eventually lead to a PL polarization degree larger than the maximum of 0.25 expected from the theory [1, 5, 22] . Our data shown in Fig. 2 support this interpretation since below 1.05 eV P C ≈ 0.25 for p + Ge but P C = 0.3 for p − Ge and n − Ge. After having discussed the intertwined relationship between optical orientation, direct gap recombination and dynamics of spin polarized carrier, we shall focus on the mechanisms yielding the ERS bands observed in Fig. 1 . According to the following arguments they can be ascribed to resonant inter-VB electronic Raman scattering.
The data of p − Ge reported in Fig. 2(a) and (c) favor this attribution since the ERS band at lower energy is washed out as soon as it sweeps across E 0 . This is in line with a Raman process whose cross section gets greatly reduced for incident photon energies that are out-of-resonance with the electronic states of the crystal. The efficiency of the inter-VB Raman process is dic-tated by the free hole population [28] , hence light scattering should be expected to be prominent in p-doped wafers. Indeed in Fig. 2(a) , well-defined ERS features can be seen for p + Ge and p − Ge and are absent when the majority charged carriers are electrons like in n − Ge. Moreover, the analysis of the dependence of P c upon the excitation wavelength, summarized in Fig. 2(a) and (c), demonstrates that the two ERS bands give rise to minima in the P C curves. The negative degree associated to the ERS peaks stems for photons whose angular momentum is the opposite of the one of the absorbed light, as expected for interband excitation of polarized holes in which the parity of the wave function of the positive carriers is preserved [33] . For any incident photon energy, such HH-to-SO scattering is expected to lead to a spectral feature at a lower energy than the one due to HH-to-LH excitation because of the energy separation between the three hole subbands. As schematically shown in the inset of Fig. 3 , these processes can be viewed as a spin polarized electron promoted out of a filled state of the SO (LH) subband into an intermediate CB state, followed by a deexcitation onto an empty state in the heavy hole (HH) subband, while leaving in place the photoexcited hole in the original SO (LH) subband. It should be noted that in this process the electron does not experience any energy relaxation in the CB and it can be safely assumed that the observed light scattering arises mainly from wave vector conserving transitions [27, 28] . We point out that the well-satisfied polarization selection rules and the opposite sign with respect to the excitation suggest that the likely origin of the two lines is inter-VB excitation instead of hot luminescence [25] .
We emphasize that the spectral position of the ERS peaks harbors important information about the electronic structure of the material. In Fig. 3 we summarized the measured values of the energy gap, ∆E, between the laser and the two ERS peaks by varying the excitation photon energy. To gain further insights we calculated the band structure of bulk Ge along different directions in the crystal momentum space by means of 8-band k · p perturbation theory (see Fig. 3 ). The resulting energy splitting, ∆E, between the hole subbands is a function of Bloch's wave vector that in a wave vector-conserving Raman process can be recast into the laser energy that connects the initial state in the VB to the intermediate state in the CB by means of a vertical transition. The very good agreement between the experimental data and the calculations outlined in Fig. 3 further corroborates our explanation of the ERS bands, and it demonstrates that the full energy spectrum of holes can be straightforwardly derived from the optical measurement of the dependence of the electronic Raman lines upon the laser energy.
In conclusion, we used PLE spectroscopy to study how the dynamics of spin polarized electrons is perturbed by phonon-mediated intervalley scattering and Coulomb interactions with background carriers. We gathered access to inter-VB excitations mapping out the energy spectrum of holes, and we were able to clarify previous studies by providing the first evidence of the SO-to-HH scattering in bulk Ge. Looking ahead, our approach can be applied to shine light on how the multivalley structure of Ge can be modified by tin alloying to turn Ge into a direct-gap semiconductor. Finally, a more detailed understanding of the resonant electronic Raman scattering might provide insights into inter-VB absorption, recently pointed out as a possible bottleneck for optical gain in Ge.
